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We investigate the excitonic properties of a core-multishell semiconductor nanowire with type-II band mis-
match, i.e. with spatially separated electrons and holes, under an external magnetic field. Our results
demonstrate that, depending on the core wire radius, the carrier in the type-II band exhibits either a quan-
tum dot-like or a quantum ring-like energy spectrum, corresponding to a carrier confinement in the core wire
or in the outer shell, respectively. In the latter, a shell-to-core confinement transition can be induced by in-
creasing the magnetic field intensity, which may lead to interesting photocurrent properties of these confining
structures, tunable by the external field.
I. INTRODUCTION
The current need for smaller and more efficient elec-
tronic devices has stimulated the development, fabrica-
tion, and investigation of novel semiconductor-based low-
dimensional confining structures, such as quantum wells,
wires and dots. Over the past few years, the growth
of core-shell1 and longitudinally heterostructured2 quan-
tum wires composed by a variety of different semicon-
ductor materials have been reported in the literature.3,4
In particular, recent articles5,6 have shown the growth of
Si/Si1−xGex core-multishell wires, using the CVD (chem-
ical vapor deposition) and VLSD (vapor-liquid-solid de-
position) growth methods. These structures show ex-
cellent transport properties, making possible their ap-
plication in high-mobility devices.7 Another interesting
feature of the Si/Si1−xGex heterostructure is the fact
that, as inferred from experimental results,8 and accord-
ing to electronic affinity calculations,9 this heterostruc-
ture exhibits a type-II band alignment, where the con-
duction (valence) bands mismatch between materials is
such that the Si1−xGex layer acts as a barrier (well) re-
gion for electrons (holes), specially for Ge concentrations
x > 0.3.10,11 Nevertheless, it has been demonstrated that
type-I alignment in these structures can be achieved as
well through strain engineering,12,13 which is important
for the application of such heterostructure materials in
photoluminescence devices.
In this paper, we present a theoretical study of the exci-
tonic properties of a core-multishell (CMS) type-II quan-
tum wire, consisting of a Si core covered by a Si0.7Ge0.3
internal shell and a Si external shell,5 where the hole is
confined at the Si0.7Ge0.3 shell, while the electron must
be localized in one of the Si regions of the system.10 In
this case, it is unclear whether the electron wavefunction
would be mostly distributed in the external Si shell, in
the Si core, or in both. As we will demonstrate further,
our results show that the electron is mostly localized in
the external Si shell for small values of the core radius,
while for larger core radii, it localizes in the Si core. In
the former case, Aharonov-Bohm (AB) oscillations are
observed in the exciton energy for lower magnetic field
intensity, whereas higher values of the field induce a shell-
to-core transition of the electron confinement, so that the
AB oscillations cease to occur. Such a transition may
have an important effect, for example, on the electrons
mobility along the core wire, since this quantity depends
on the electron probability density.
II. THEORETICAL MODEL
In order to simplify the calculations, we have consid-
ered the following reasonable approximations: (i) we will
focus on the case of a circularly symmetric cylindrical
core wire, surrounded by multiple shells.5 In fact, core-
shell quantum wires with hexagonal cross-section have
also been experimentally observed.14,15 Previous papers
in the literature have theoretically demonstrated that the
main effect of such hexagonal geometry was an increase
of the carriers concentration around the corners of the
hexagonal confining shell.16 Similar effect is also observed
for an elliptic shell, where carriers concentrate in the re-
gions of higher curvature;17,18 (ii) Heavy hole-Light hole
coupling and band mixing effects are neglected - this is
an usual and fair approximation19,20 that simplifies a lot
the calculations, by avoiding the need to diagonalize a
valence band matrix, which is a very time consuming
procedure; (iii) The dielectric mismatch effect between
the different layers and between the outmost shell and
the vacuum are neglected. In fact, the former is not ex-
pected to have a significant contribution, since this effect
is proportional to 1 − ǫ1/ǫ2,21 where ǫ1 and ǫ2 are the
dielectric constants of the Si core and Si0.7Ge0.3 shell, re-
spectively, which are very similar. The latter could lead
to significant corrections, but it has been demonstrated
2that dielectric mismatch effects become less important for
large radii,19 and all the results investigated here are ob-
tained for a very large width of the outmost shell, so that
this dielectric mismatch effect is also negligible; (iv) Dif-
ferent papers in the literature have reported that a com-
bination between strain and quantum confinement effects
in Si/Si1−xGex heterostructures leads to a type-II band
alignment formed by the ∆2 electron and the heavy hole
band edges.10,12 We assume that our radial Si/Si0.7Ge0.3
heterostructure is in this type-II regime, considering the
same carriers effective masses and band offsets as found
in Refs. 10–12, and 22.
Using the cylindrical coordinates system, we take the
(ρ, θ)-plane as the confinement plane and z as the free
direction. Assuming the symmetric gauge for the vector
potential, the exciton Hamiltonian, within the effective
mass approximation, reads22,23
Hexc = He +Hh − 1
µ⊥
∂2
∂z2
− 2
ǫ~re − ~rh , (1)
where the indexes e and h stand for electron and heavy
hole, respectively, and He (Hh) is the electron (hole) sin-
gle particle Hamiltonian
Hi =
{
− 1
m
‖
i
(
~∇2D,i − 2π
Φ0
~A
)2
+ Vi(ρi)
}
(2)
where m
‖
i is the in plane effective mass of each charge
carrier, Φ0 = h/e is the magnetic quantum flux, µ⊥ is
the electron-hole reduced mass in the z-direction, and
z =| ze−zh | is the electron-hole relative coordinate. The
Vi(ρi) term is the circularly symmetric hetero-structure
potential, due to the bands mismatches, whereas the last
term of Eq. (1) accounts for the electron-hole Coulomb
interaction. Energy variables are divided by the Ryd-
berg energy Ry, spatial variables by the Bohr radius a0,
and effective masses by the free electron mass m0, in
order to make the equations dimensionless. Assuming
a Si core wire of radius ρ1, surrounded by a Si0.7Ge0.3
shell of width W = ρ2 − ρ1, whose interface with the
external Si shell is placed at ρi = ρ2, the heterostruc-
ture potential in the conduction (valence) is given by
Ve(ρe) = 0 [Vh(ρh) = V0h] if 0 < ρi < ρ1 or ρi > ρ2,
and Ve(ρe) = V0e [Vh(ρh) = 0] otherwise.
In order to solve the Schro¨dinger equation for the ex-
citon HexcΨ = EexcΨ, we neglect initially the coulombic
coupling, so that the solutions can be put in the form
Ψ = ψe(~ρe)ψh(~ρh)ψz(z) to obtain Hiψi = Eiψi for each
carrier i, whose in-plane position vector is given by ~ρi.
Due to the type-II alignment in such a structure, the hole
is localized in the Si1−xGex shell, whereas the electron
alone is no longer confined by the band mismatch of the
wire materials, but can become laterally bounded by the
Coulomb interaction, as we discuss in the following. In-
deed, the single electron solutions of Heψe = Eeψe form
a continuum. Therefore, in order to solve the type-II
problem, we first numerically23 solve Hhψh = Ehψh to
obtain the ground hole state wavefunction ψ(ρh). The
electron state is then calculated by considering the hole
motion ”frozen” in its ground state. This leads to the
following equation for the electron eigenproblem:
[He + Eh + Veff (ρe)]ψe(ρe) = Exψe(ρe), (3)
where Veff (ρe) = 〈ψhψz|Hexc|ψhψz〉 is the effective
Coulomb potential. By assuming a gaussian form for
the relative motion along the wire axis24
ψz(z) =
1√
η
(
2
π
)1/4
exp
(
−z
2
η2
)
, (4)
one obtains
Veff (ρe) =
1
µ⊥η2
− 2
εη
√
2
π
∫
Vh
|ψh|2 exp(a)K0(a/2)d~ρh,
(5)
where a = |−→ρe −−→ρh|2 /η2, K0(x) is the modified zero-
order Bessel function of second kind, η is a variational
parameter that minimizes the exciton energy, and the
second term is integrated only in the hole space. Notice
that the influence of the electron density on the distri-
bution of the hole is neglected, but this is not supposed
to have a significant influence on the results, since the
hole is strongly bound in the shell by the bands mis-
match potential. It is also important to stress out that
Eq. (3) was solved by a variational procedure using the
gaussian function Eq. (4) for the relative motion in the
axial direction. This simplification is often used,22 but
is known that it provides slightly overestimated values
for the ground state energy, which can be further quanti-
tatively improved by using more sofisticated variational
functions.25,26 Nevertheless, the qualitative features of
the spectra, such as the shell-to-core transitions discussed
in the following sections, which are the main focus of this
paper, are not affected by choosing different variational
functions for the axial direction.
III. RESULTS AND DISCUSSION
As we mentioned previously, the type-II
Si/Si0.7Ge0.3/Si CMS quantum wire exhibits an in-
teresting feature: the electron can be confined either
in the external Si shell, or in the internal Si core.
These two situations are expected to lead to completely
different excitonic behaviors. Indeed, the dependence
of the electron-hole binding energy on the inner core
radius ρ1, for three values of the Si0.7Ge0.3 shell width
W , is illustrated in Fig. 1 (top), where one easily
observes that as the core radius increases from 50 A˚ , the
binding energy increases only until a critical value of this
parameter is reached. After this value of ρ1, the energy
starts to decrease. Concomitantly, as shown in the lower
panel of Fig. 1, the electron average radius 〈ρe〉 exhibits
an abrupt transition exactly at the critical core radius,
where the electron changes its radial average position
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FIG. 1. (color online) Binding energy (top) and electron aver-
age radius (bottom) as a function of the core radius, consider-
ing the confining shell width asW = 50 A˚ (black squares), 75
A˚ (red circles) and 100 A˚ (blue triangles). The arrows indi-
cate the points ρ1 = 100 A˚ and 270 A˚ , whose wave functions
are illustrated in Fig. 2 (a) and (b), respectively.
from the outer shell towards the central core. Finally,
this intriguing shell-to-core transition with increasing
inner radius is confirmed by Figs. 2 (a) and (b), where
the electron (blue solid) and hole (red dashed) lateral
probability amplitudes are presented, along with the
effective electron confinement potential, for core radii ρ1
= 100 A˚ (a) and 270 A˚ (b), considering a shell width
W = 100 A˚ (arrows in the upper panel of Fig. 1). We
clearly see that the electron wave function jumps from
the external Si shell towards the Si core as the core
radius increases.
Such a shell-to-core transition simply reflects the com-
petition between shell and core states for electrons. In
order to clarify this trend, it is worth noticing two points:
(i) First, that the independent electron posses a quasi-
bound state, which is strongly localized in the core region
and whose energy varies as 1/ρ21 (other states have only a
small presence in the core). (ii) Second, the hole is tightly
bound to the SiGe layer, forming a thin ring of positive
charge enveloping the core, and generating thereby an
attractive effective potential for the electron (Eq. (5))
that is sensibly higher in the Si core than in the external
Si layer. The coulombic binding of the resonant electron
state with the positive cloud decreases much slowly with
ρ1 (roughly as 1/ρ1). Thus, for small inner radius ρ1 the
electron resonance is too high in energy. However, as the
thickness of the core radius increases, the resonant state
energy decreases very fast and, account to the coulombic
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FIG. 2. (color online) Electron effective potential (black
solid), considering ρ1 = 100 A˚ (a) and 270 A˚ (b), along with
their respective electron (blue solid) and hole (red dashed)
wave functions.
coupling, the core confinement of the electron becomes
more energetically favorable as compared to the much
weaker binding of outside electron states.
The electron confinement in the external shell can lead
to rather interesting features in the presence of an applied
magnetic field parallel to the wire axis. As the magnetic
field intensity increases, the hole confinement energy is
expected to present AB oscillations, since this carrier is
strongly confined within the internal shell, and such a
shell confinement shares the same properties as the in-
plane motion of a particle in a quantum ring. In fact,
the AB effect for a carrier confined in the shell region
of a core-shell wire has been experimentally confirmed
by the observation of quantum interference effects on the
magnetoresistance of a In2O3/InOx nanowire.
27 As the
electron is in the external shell for small core radii, one
can expect that its energy will also exhibit AB oscilla-
tions, although with a different period, since its average
radius differs from that of the hole, for they are confined
in different shells. However, the magnetic field pushes
the electron towards the center, which is also a Si layer,
thus, for high magnetic field intensities, a transition from
the electron confinement at the external layer to the Si
core is also expected to occur and, once the electron is
in the core for higher magnetic fields, its energy cannot
exhibit AB oscillations anymore. This is illustrated by
Fig. 3, which shows the exciton energy Eexc (top) and
the ground state electron average radius (bottom) as a
function of the magnetic field intensity B. The results are
obtained forW = 100 A˚ and ρ1 = 200 A˚ , so that the sys-
4tem is close to the configuration where the core confine-
ment is more energetically favorable (see Fig. 1), which
helps one to obtain the magnetic field induced shell-to-
core confinement transition with lower magnetic fields.
Notice that such a confinement transition for the electron
does not have an analog in the context of semiconductor
quantum rings, since these rings are normaly obtained by
a volcano-like structure surrounded by a layer of a differ-
ent material,28 so that a type-II band alignment would
lead to a carrier wave function surrounding the whole
ring surface.29 Nevertheless, the tunability of AB oscil-
lations in type-I quantum rings have been also recently
reported, but due to a different confinement effect.30
The kinks in the curves corresponding to the (le, lh) =
(0, 0) and (0,−1) energy states at B ≈ 0.55 T are direct
consequence of such a magnetic field induced shell-to-core
transition. Indeed, by analyzing the squared modulus of
the electron wave functions for this system in Fig. 4, one
observes that for B = 0.4 T (a), the le = 0 electron state,
considering lh = 0, is confined at the Si external shell,
whereas a core confinement is observed for this state at
B = 0.65 T (b). Similar results are observed for lh = −1
and le = 0. More details on this transition are given
in the insets of Fig. 4, which show the exciton energy
as a function of the variational parameter η in Eq. (5).
Two local minima are observed, where the one for lower
(higher) η represents an electron state confined in the
core (shell). The global minimum switches from one to
the other as the magnetic field increases, leading to the
core-to-shell transition illustrated in Figs. 3 and 4.
Notice, however, that the shell-to-core transition rep-
resented by the kinks in Fig. 3 (top) does not occur for
the exciton ground state, which for B = 0.55 T is the
(le, lh) = (−1, 0) state, that is still confined at the exter-
nal shell. This would make such a transition harder to be
experimentally observed. On the other hand, a shell-to-
core transition occurs for the exciton ground state at a
higher magnetic field intensity, B ≈ 1.2 T. This is clearly
evidenced in Fig. 3 (bottom), where the ground state
electron average radius oscillates around ≈ 570 A˚ (outer
shell region) for lower magnetic fields, but ceases to oscil-
late for B higher than ≈ 1.2 T, when its value decreases
to ≈ 92.6 A˚ (core region). Indeed, due to the shell con-
finement of the electron for smaller magnetic fields, angu-
lar momentum transitions and AB oscillations occur as
the magnetic field increases. The period of these oscilla-
tions (≈ 0.37 T) is in good agreement with the value ob-
tained by a simple model of the angular energy states of
the system17, which predicts a period of Φ0 = h/e for the
magnetic flux, if one considers a magnetic flux through
a shell with radius given by the electron average radius
〈ρe〉 ≈ 600 A˚ shown in Fig. 1 for this system. However,
for B & 1.2 T, the (le, lh) = (0,−1) becomes the ground
state and these electron angular momentum transitions
cease to occur, as a consequence of the fact that the elec-
tron in this exciton state for such a field is confined in the
Si core, with 〈ρe〉 ≈ 92.6 A˚ . Once this core confined state
becomes the ground state, AB oscillations start to occur
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FIG. 3. (color online) Exciton transition energy (top) and
ground state electron average radius (bottom) as a function
of the magnetic field intensity, for W = 100 A˚ and ρ1 = 200
A˚ . We consider two values for the hole angular momentum
index, lh = 0 (black solid) and lh = −1 (red dashed), and
several values for the electron angular momentum index le.
The wave functions for the lh = 0 and le = 0 states at the two
values of magnetic fields pointed by the arrows are illustrated
in Fig. 4. Notice the vertical axis of the bottom panel has
a break between 92.8 A˚, and 520 A˚ , in order to improve the
visualization of the curve.
with a much higher period, being present only due to the
contribution of the hole states: since the hole is always
confined in the Si0.7Ge0.3 shell, with average radius 250
A˚ , it is expected to exhibit AB oscillations with a period
of ≈ 2.11 T. In fact, the hole angular momentum transi-
tion from lh = 0 (black solid) to lh -1 (red dashed) in the
ground state exciton for B ≈ 1.05 T observed in Fig. 3
(top) is just a consequence of the AB effect, which pre-
dicts angular momentum transitions at half integers of
the AB period. Other transitions would occur at higher
magnetic fields, out of the range shown in Fig. 3. There-
fore, the transition from lower to higher periods of the
AB oscillations of the exciton ground state energy at a
certain value of magnetic field in a CMS type-II quan-
tum wire provides a clear evidence of the shell-to-core
confinement transition, which can be verified by future
experiments.
This shell-to-core transition may lead to interesting
photocurrent properties. Under illumination, photogen-
erated holes end up in the Si1−xGex shell and either be-
come trapped or conduct with low mobility. In both cases
they form a positive radial shell that retains electrons
nearby. For small core radius, electrons flow in the out-
side region, and this quasi-onedimensional system can be
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FIG. 4. (color online) Electron effective potentials (black),
along with their respective electron (blue) and hole (red) wave
functions, for the two different values of magnetic field pointed
in Fig. 3: (a) B = 0.4 T and (b) B = 0.65 T. The insets show
the exciton transition energy as a function of the variational
parameter η for each value of magnetic field.
visualized as a “wrapped” analogous of standard quasi-
twodimensional heterojunctions. For bigger core radius,
on the contrary, electron transport takes place in the in-
ner core region with an eventually rather different mo-
bility along the core wire axis. Our results (see e.g. Fig.
3) suggest that an axial magnetic field can be used to
tune from one regime to the other. The study of such
transport properties is however beyond the scope of this
work.
IV. CONCLUSIONS
In summary, we demonstrate that in a type-II struc-
ture consisting of a Si core wire surrounded by a single
shell Si0.7Ge0.3 and covered by an external Si shell, the
electrons may be confined either in the core or in the out-
most shell, depending on the radius of the core region.
In the latter case, a shell-to-core transition for the elec-
trons confinement can be induced by an external mag-
netic field, even for the exciton ground state, which is
suggested as a way to tune the mobility along the core
wire axis.
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